The vapor-phase homoepitaxy of monocrystalline silicon by reduction of chlorosilanes is modeled using a novel approach. With digital computer calculation, the growth rate of silicon is predicted under ambient pressure (1.0 atm or 101.325 kPa) in the high-temperature regime 1200-1600 K, where silicon growth is expected to be mass-transport limited. This study considers four different initial stoichiometries, namely, 0.1% SiH 4 + 0.4% HCl + H 2 , 0.1% SiCl 4 + H 2 , 0.5% SiCl 4 + H 2 , and 0.2% SiHCl 3 + H 2 in the Si-Cl-H system in order to make comparisons between the predicted and the experimentally determined growth rates. By combining the iterative equilibrium constant method with the StefanMaxwell relations for diffusion in a multi-component gas-phase, the respective molar fluxes of nine gaseous species that include SiCl 4 , SiHCl 3 , SiH 2 Cl 2 , SiH 3 Cl, SiH 4 , SiCl 2 , SiCl, SiCl 3 , and Si(g) were computed for steady-state condition; and the data on fluxes enabled the determination of the net silicon flux to the surface of the substrate. The computed rates were compared to the measured deposition rates of silicon.
Introduction
Vapor phase epitaxy (VPE) of silicon remains a main process route in the semiconductor industry.
1) Current methods of conducting VPE growth of silicon are wellestablished, but room exists for fundamental models that can predict the growth rates for the set of parameters selected by the operator. The present work focuses on the reduction of chlorosilanes, a desirable method for homoepitaxy of silicon at high temperatures. Bloem, 2) Van den Brekel and Bloem, 3) and Bloem and Claassen 4) published valuable data on equilibria and kinetics of VPE of silicon; the respective effects of etching agents, temperature gradients, and mass-transfer of species to and from the growth surface have received careful study. Silicon growth in the diffusion-limited regime is especially interesting from the viewpoint of modeling the behavior of species in the dynamic system at virtual (or near) equilibrium conditions. The best models are based upon thermodynamic analysis, requiring only free energy data and molecular diffusivities.
In this investigation, a model is presented for determining the equilibrium concentrations (or partial pressures) of species in a chlorosilane VPE system; and the mass-transport processes are described using Stefan-Maxwell formalism. In sum, these analyses are combined for predicting the growth rate of silicon in the diffusion-limited domain; and predictions are compared to the growth rate data of Bloem.
2,5)

Gas-Phase Partial Pressures in Silicon VPE System
In the RF heated cold-wall reactor, silicon-bearing vapor species are introduced with a carrier gas. Usually, SiHCl 3 , SiH 2 Cl 2 , SiH 4 or SiCl 4 is chosen as reactant, with hydrogen reductant as the carrier.
1) The gas-mixture admitted to the reactor subsequently attains the temperature of the susceptor (1100-1600 K); and several reactions occur at and within the boundary layer adjacent to the substrate. 5, 6) The delivery of the reactant and carrier gases is maintained such that the bulk-gas stream composition is constant; and the gas/solid reactions that are listed in Table 1 occur at the silicon substrate surface, ensuring a steady-state condition.
5-7)
The diffusion of gaseous species between the bulk-gas stream and the silicon-surface results in a virtual equilibrium state (which is a sub-set of the steady-state). The partial pressures of the various gas species at the solid-surface are computed by means of the iterative equilibrium constant method described by Rao. 8) These data together with the bulk-gas pressures enable the determination of steady-state molar fluxes for the various silicon-bearing species; the net silicon flux is readily found by summation and the growthrate (in mm/min) ascertained therefrom.
Depending upon the entailed standard free energy change, 6, [9] [10] [11] [12] [13] the relative contribution to the VPE from each of the reactions (Table 1) varies widely. There are eleven species involved, with an atom-matrix rank of three, thus allowing a maximum of eight independent chemical reactions; the system has three degrees of freedom. To construct an equilibrium model for this system, the input gas composition, temperature, and pressure must be specified. Once these input conditions are defined, free energy equations are deduced for each of the reactions (Table 1) using thermodynamic data drawn from the foregoing publications. 6, [9] [10] [11] [12] [13] The equations for the eight chemical equilibria and solid/vapor-phase equilibrium spanning the 1200-1600 K range are given in Table 2 . The Iterative Method of Rao 8) is used to determine the equilibrium state for the Si-Cl-H system at a selected temperature in the 1200-1600 K range for specified input gas composition at 1.0 atm (= 101.325 kPa) total pressure. The Cl/H atom-ratio of the gas-phase remains the same, but the Si/Cl ratio falls as the system reaches equilibrium. The nine equilibrium constants (Table 1) , total pressure and Cl/H ratio together provide eleven equations that enable one to determine partial pressures of species H 2 , HCl, Si, SiCl 4 , SiHCl 3 , SiH 2 Cl 2 , SiH 3 Cl, SiH 4 , SiCl 2 , SiCl, and SiCl 3 . A detailed description of the iterative equilibrium constant method has appeared in the literature. 8) It is well to note that the flowchart of Fig. 1 provides a concise view of the iterative algorithm used in the present work. Two 'majors'-H 2 and HCl, in this case -are selected from amongst the eleven species and reasonable (but arbitrary) guesses are made for their partial pressures. The non-linear equilibrium constant expressions, shown below, are then used to compute the partial pressures of the nine remaining species:
These results enable the calculation of total pressure (P e ) and Cl/H atom ratio (R e ). It is seen that P e 6 ¼ P o and R e 6 ¼ R o where P o ¼ 1:0 atm and R o is the input gas Cl/H atom-ratio.
and R e ¼ Cl t =H t is the final or equilblrium Cl/H atom-ratio, where
The ''guesses'' are modified for the succeeding iteration using convergence equations:
The iterative calculation is continued until convergence is secured with respect to the twin constraints (P o and R o ). The equilibrium partial pressures thus obtained are employed in finding molar fluxes.
Prediction of Silicon Growth Rate in a Chlorosilane
Reduction System
In general, a variety of species are produced in the inclined-pedestal silicon VPE system during reduction of chlorosilanes in the feed-stream. Such a complex system requires an array of mass-transport and kinetic quantitieseither predicted or measured -in order to optimize the growth of silicon. Maximizing the epitaxial growth rate may be facilitated by understanding the mechanism of the processes; especially whether the rate is limited by surface-reaction kinetics or mass-transport. Once the rate-limiting mechanism is established, a growth rate for silicon may be predicted. In this work, a diffusion-limited model is developed to predict epitaxial silicon growth rates in inclined-susceptor reactor operating at atmospheric pressure. The present model combines the Stefan-Maxwell treatment of multi-component diffusion due to Wilke 14) and Hsu and Bird 15) with the iterative equilibrium constant method of Rao.
8) It is well to note that the molar flux of a specific gaseous species depends on boundary layer thickness, species concentration-gradient across the boundary layer, diffusion coefficient of the species in the bulk carrier gas, substrate temperature, and total pressure.
In brief, the growth rate of silicon in the VPE system is calculated using the diffusion-limited model. The pair-wise diffusivities for the various species in the Si-Cl-H system are found using the Fuller-Schettler-Giddings (FSG) equation. 16) By combining these diffusion parameters with the virtual equilibrium partial pressure (mole fraction) data from the previous section, the molar flux of each species in the chlorosilane reduction system can be calculated. These results together provide the 'net' molar-flux of silicon to the substrate; and the silicon growth rate (in mm/min) can be readily found therefrom. Figure 1 provides a concise description of the iterative method for calculating the partial pressures of species in a quasi-equilibrium system. The assumption is that a stagnant gas-film or boundary layer develops between the bulk input stream and the silicon surface; the computed partial pressures prevail at the substrate. For the steady-state concentrationprofile across the 'film',
where C i is the concentration of the i-th species at a specified position in the 'film' and 't' is time. Under these conditions, the steady-state mass transport of the species across the boundary layer is the product of equivalent binary diffusivity and the concentration-gradient. The mass transport mechanisms in the system under consideration include ordinary diffusion, Stefan flow (bulk), and thermal diffusion. 5, 7) Following the formulation of Rao and Do, 7) natural convection effects and thermal diffusion contribution in the reported reactor configuration are considered negligible. Furthermore, the 'net' silicon transport rate across the film or boundary layer may be obtained in terms of the molar fluxes of the species N i :
In the diffusion-limited regime for the system, virtually all of the silicon transported to the surface is expected to be incorporated in the crystal nucleation and crystal growth processes. Therefore, the quantity N Si may be considered to reflect the steady-state growth rate of the crystal.
5)
The Stefan-Maxwell formalism is employed in deducing an expression for the silicon flux N Si . As shown by Rao, [17] [18] [19] the Stefan-Maxwell relations can be used successfully in representing the diffusion of gaseous species in complex multi-component systems. In the case of the chlorosilane VPE system, the gas mixture consists of eleven species with designations A through K (Table 3) . For brevity, the general treatment for only silicon tetrachloride (species 'A' in Table 3 ) is presented; the formalism can easily be extended to other species. Moreover, the predominance of carrier gas H 2 in the system under consideration permits simplifications. Though the presence of each species affects the diffusion of the other species, cross-coefficients can be neglected in the flux equation for every species that occurs in low concentration.
7)
The Stefan-Maxwell formalism leads to the following equation for the diffusion of species A (= SiCl 4 ) in a multicomponent gas mixture composed of species A through K,
in which P A is partial pressure of species A; R, the universal gas constant; T, the temperature in degrees Kelvin; D AB , the diffusivity of the A-B pair, D AC , the diffusivity of the A-C pair, etc.; N A , N B , etc. the fluxes of species A, B, etc.; A , B , and so on are the mole fractions of species A, B, and so forth; and dZ the increment of distance co-ordinate in the boundary layer. A schematic for this is presented in Fig. 2 . The above expression may be rearranged to yield a relation for the flux of species A (= SiCl 4 ), as follows,
representing flux ratios. A final redistribution of terms leads to the Stefan-Maxwell expression for the flux of species A, 
Alternatively, the molar flux of species A can be expressed using the binary equivalent (or effective) diffusivity of A in the gas mixture as follows:
with terms: N A , the flux of species A; D AV , the effective or equivalent binary diffusivity; C A , the concentration of species A; A , the mole fraction of species A; N B ; . . . ; N K are molar fluxes of the other species in the system. Since
and so forth, substitutions into eq. (6) provide the final expression for the ordinary diffusion flux,
On comparing eqs. (5) and (7) for the fluxes it becomes apparent that the effective binary diffusivity D AV , for species A, is
where the psi-function and the beta-function are given by
Substitution of eq. (9) in eq. (7) and consolidation of terms provides,
In the proposed model, the system is taken to be in a quasi steady-state, as mentioned above. 7) Considering this, the expression (11) may be integrated, using limits established with respect to the position Z ¼ 0 at the top of the boundary layer, and Z ¼ at the growth surface, and the mole fractions Ao at the top, and A at the growth surface as illustrated in Fig. 2 . The integration produces the following result for the flux,
The flux expression (12) may be simplified by consideration of specific factors known about the chlorosilane system. The carrier gas is hydrogen, and is at nearly one atmosphere pressure, both in the bulk-stream and at silicon-surface. The concentration of the input chlorosilane gas is usually at 0.5% or less. The remaining species are at zero concentration in the bulk gas-stream above the boundary layer. At the surface of the substrate, hydrogen gas is slightly less than one atmosphere and the ten other species resulting from the equilibria contribute partial pressures which are very small in comparison. As a result, it is discovered that the effective binary diffusivity D AV is nearly the same as the binary pair diffusivity of the minor species in the bulk hydrogen gas. Such a conclusion ensues on noting that the mole fraction of the bulk hydrogen gas B ! 1:0 above and within the boundary layer, while the mole fractions of the other species A , C-K ! 0. 
Thus, the effective binary diffusivity becomes the binary diffusivity of any species in the bulk gas, hydrogen. As a result, the flux of each species A, and C through K in hydrogen is calculated using appropriate analogs of the following expression:
This form of the flux equation may be further applied to the remaining silicon-bearing species in the chlorosilane VPE system to determine the steady-state flux of each species. These fluxes may be summed to arrive at N Si using eq. 
Method of Calculation of Rates
The computation of molar flux by eq. (13) requires the specification of a number of variables, including: the film or boundary layer thickness ; the mole fraction of the species in the bulk-gas stream Ao ; the steady-state quasi-equilibrium mole fraction A (at the substrate surface); total pressure P; and temperature T. As described by Rosner, 20) mass-transfer by ordinary diffusion principally depends on the thickness of the boundary layer; the latter, which depends on flow-velocity and physical properties (density, viscosity) of the gas-stream, can be determined experimentally. [21] [22] [23] [24] Knowledge of the film thickness, usually prerequisite in the study of crystal growth, can also be gained from empirical masstransfer correlations such as, 25) 
in which Sh is Sherwood number, Re is Reynolds number for a flat plate, Sc is Schmidt number for the gas-stream, L is the dimension of the flat substrate in the direction of gas flow, and is the layer thickness. Uniformity of thickness is usually maintained through the geometry of the apparatus (inclination of the pedestal); a single measure of film thickness will suffice. The diffusivity for each of these species then remains a key parameter. While most of the quantities in the flux eq. (13) are derived from experimental parameters, the diffusivities of the silicon bearing species in the bulk hydrogen gas require calculation. The Fuller-Schettler-Giddings equation for binary diffusivity is employed in the form, 16 )
with T in Kelvins, P in atm, M A and M B are molecular weights of species A and species B, hydrogen in this case; V A and V B are the diffusion volumes of species A and species B, that is, hydrogen. Table 4 lists the diffusivities for various species.
The final data required in order to calculate molar fluxes using eq. (13) are the mole fractions in the bulk gas stream and the mole fractions at the surface of the silicon. The composition of the input reactant gas is known; and therefrom the mole fractions can readily be found. For species that are not part of the feed, the value is zero. The partial pressures of the 11 species at the substrate surface, calculated using the equilibrium algorithm described earlier (Fig. 1) , furnish the gas-phase mole-fractions near the silicon-surface ( A ; B ; . . ., and so forth).
Results
The feed-gas mixture composed of 0.1% SiH 4 , 0.4% HCl, and 99.5% H 2 , is selected to illustrate the method of calculation in accordance with the algorithm of Fig. 1 ; the results can be compared to the silicon-growth-rates in an inclined pedestal reactor measured by Bloem 2, 5) for the specified feed-gas. The atom-ratios are readily found; in the input gas-phase: It is well to note that the former remains constant as equilibrium is attained, but the latter shows a decline on account of deposition of silicon. At T ¼ 1400 K and P ¼ 1:0 atm, the virtual equilibrium partial pressures near the solid silicon-surface are as follows: in atm It is seen that the equilibrium gas-phase at the silicon-surface has a Cl/H atom-ratio of 0.0020037 which is within 0.1% of the initial value; and the drop in the Si/Cl atom-ratio to 0.01399 is attributed to deposition of silicon. The iterative computation employed here is very efficient, requiring only thirty-seven iterations to reach convergence. The steady-state molar fluxes of each of the nine siliconbearing species are computed by means of eq. (13) using the foregoing data on partial pressures (which are numerically equal to mole-fractions i at silicon-surface) together with diffusivities (Table 4 ). The bulk-gas mole-fraction for SiH 4 species is the specified X Go ¼ 0:001; and for the other eight species, these are assumed negligible. For the inclinedsubstrate configuration, at a feed-gas flow-rate of about 75 liters(STP)/min, the film-thickness () is reportedly 3-mm. 2, 5) The molar fluxes, in moleÁcm À2 Ás À1 , are as follows (the negative sign implies the species is diffusing away from the silicon-surface): 
Substitutions into eqs. (2) and (14) provide:
net silicon flux at steady-state Table 4 Binary diffusivities in hydrogen bulk gas with pressure and temperature terms omitted. Similar calculations were made for the same feed-gas at four other temperatures: 1200, 1300, 1500, and 1600 K, with total pressure held at 1.0 atm (= 101.325 kPa). These results are summarized in Table 5 . Figure 3 shows the computed silicon growth-rate (R Si ) plotted on semi-log scale versus reciprocal temperature. Comparison is made with measurements of Bloem. 2, 5) Reasonable agreement is seen, especially over the 1300-1600 K range; it is well to note that the film-thickness employed in the present calculation is an estimate.
The experimental work of Bloem 2, 5) included three other feed-gas mixtures: 0.2% SiHCl 3 + 99.8% H 2 , 0.1% SiCl 4 + 99.9% H 2 , and 0.5% SiCl 4 + 99.5% H 2 . The virtual equilibrium diffusion-limited silicon-growth model (Figs. 1  and 2 ) was applied to these and predicted growth rates were obtained in each case over the 1200-1600 K temperature range for a total pressure of 1.0 atm (= 101.325 kPa). The results (in mm/min) are listed in Table 5 . For the chlorosilane (0.2% SiHCl 3 )-containing feed, good agreement was noted between the predicted rates and the measurements of Bloem, 2, 5) akin to that for the silane (0.1% SiH 4 )-bearing mixture shown earlier in Fig. 3 .
In contrast, the computed rates (R Si ) for the SiCl 4 + H 2 mixtures (Fig. 4) deviate markedly from the experimental data reported by Bloem. 2, 5) The predicted rates are consistently larger than the measured values, with better agreement approached at higher temperatures, particularly for the 0.5% SiCl 4 + 99.5% H 2 feed. It will be noted that the effective diffusivity of SiCl 4 in the gas-mixture is smaller than that of SiHCl 3 or SiH 4 (Table 4) ; thus, the higher rates must be attributed to the larger steady-state concentration-gradient of SiCl 4 computed using the present model. In the following section, an explanation is offered for the discrepancies between the predicted and experimental rate data.
Discussion
Across the stagnant gas-film (Fig. 2) there develops a steep gradient in temperature with the silicon-substrate at a substantially higher temperature (T s ) as compared to the bulk gas stream (T b ). The steady-state molar flux of the A-th species across the gas-film can be expressed by the following relation which is analogous to that reported earlier for chemical vapor transport by Rao and Do:
Upon simplification, using
where
From eqs. (13), (18), and (19) it is readily apparent that Fig. 3 The computed silicon growth-rate (R Si ) for the feed-gas mixture composed of 0.1% SiH 4 , 0.4% HCl, and 99.5% H 2 plotted on semi-log scale versus reciprocal temperature. Fig. 4 The computed silicon growth-rate (R Si ) for the feed-gas mixture composed of 0.1% SiCl 4 and 99.9% H 2 and another composed of 0.5% SiCl 4 and 99.5% H 2 plotted on semi-log scale versus reciprocal temperature. This corresponds to a predicted rate (R Si ) of 1.52 mm/min; as a result, there is less disparity between the computed rates and experimental data (Fig. 3) . The thickness of stagnant-film was the subject of careful investigation; the streaming patterns obtained by Eversteyn et al. 21) with TiO 2 -haze for hydrogen flowing past the susceptor (held at 1323 K) showed that the film-thickness decreased from ¼ 0:65-cm at a flow-velocity of 45 cm/s to ¼ 0:46-cm at a higher gas velocity of 180 cm/s. A semiempirical relationship that links the film-thickness to streamvelocity was recommended by these authors. 21) The horizontal reactor employed by Bloem 2, 5) was an 80-cm long quartz section with rectangular cross-section (10-cm Â 2.5-cm); the graphite susceptor was 10-cm Â 24-cm Â 1.25-cm in size. For a susceptor-tilt of 1.5 , with a hydrogen flow of 75 L/min, the film thickness can be estimated using the semi-empirical approach of Eversteyn et al. 21) At a distance of -cm from the leading-edge of the substrate,
in which the gas-velocity VðÞ is given by Thus, the stagnant film-thickness () appears to fall in a narrow-range of 0.371-cm to 0.413-cm. With an average value of ¼ 0:39-cm, the predicted growth-rate (R Si ) becomes smaller -only three-fourths of that shown in Fig. 3 . Hence, closer agreement with the experimental rate data is indicated.
It is well to note that the measured rates for 0.1% SiCl 4 + 99.9% H 2 and 0.5% SiCl 4 + 99.5% H 2 gas mixtures are markedly lower (in Fig. 4 ) as compared to the predicted values. The presence of HCl in the feed-gas appears to ensure that the substrate is free of surface oxide(s); the latter may be native or formed by infiltrating oxygen and water vapor; faster growth rates are obtained with substrates free of oxide impurities. Bloem 2) reported treating the surface with flowing hydrogen gas at 1523 K for fifteen minutes prior to growth experiments. The reduction of surface-oxide (SiO 2 ) by hydrogen does not appear to be thermodynamically favored:
ÁG ¼ 555517 À 202.387.T; J:Rao
8Þ
For feed-gas containing HCl, the following two-step mechanism involving a chlorine intermediate makes the foregoing reaction feasible at 1523 K: (23) and (24) is reduction of the surface-oxide(s).
While HCl (g) at modest concentration is expected to have a favorable influence on growth kinetics, at higher HClconcentrations, rate-retardation occurs on account of the reaction,
This etching reaction can take place parallel to growth processes thus having an adverse effect on the overall growth rate.
Conclusions
The diffusion-limited vapor phase epitaxial growth rates for silicon, predicted by the virtual equilibrium model, show reasonable agreement with measurements. The differences between measured and predicted rates appear to be the result of residual oxide impurity on the substrate surface. The model can be extended to the chemical vapor deposition of silicon from rich mixtures of SiHCl 3 (as high as 30 per cent) and hydrogen in a horizontal reactor. 26) 
